Pulmonary complications challenge the medical management of patients who have sustained aneurysmal subarachnoid hemorrhage (SAH). We assessed the frequency and types of pulmonary complications after aneurysmal SAH and analyzed the impact of pulmonary complications on patient outcome.
P
ulmonary complications frequently challenge the medical management of patients who have sustained an aneurysmal subarachnoid hemorrhage (SAH) and may be a significant source of morbidity in SAH patients (6, 9, 10, 15, 24) . Better characterization of the specific pulmonary complications that affect this patient population might facilitate improved prevention and treatment. We analyzed our experience with the management of pulmonary complications in a contemporary, consecutive series of patients with aneurysmal SAH.
PATIENTS AND METHODS
The records of all patients with acute SAH treated at our institution between 1990 and 1997 were reviewed. Three hundred five consecutive patients with an aneurysmal hemorrhage source documented by angiography who were treated at our institution within 7 days of ictus were analyzed. Outcomes were measured by one of four unblinded reviewers at longest follow-up (mean, 16 mo; 183 patients had at least 3 mo follow-up; 128 patients had at least 6 mo followup) using the Glasgow Outcome Scale (GOS).
Diagnoses of specific pulmonary complications were ascertained as follows. Nosocomial pneumonia was considered to be a clinical pneumonia that developed while the patient was hospitalized. Microbiological confirmation was often available but was not a requisite for this diagnosis. Congestive heart failure was defined as pulmonary edema without an infectious or systemic (e.g., adult respiratory distress syndrome) cause, with characteristic radiographic appearance. Specific cardiac function parameters were not requisite for the diagnosis. The diagnosis of aspiration pneumonia was based on a combination of characteristic clinical, radiographic, and microbiological findings. Neurogenic pulmonary edema (NPE) was considered on the basis of characteristic clinical and radiographic findings in the absence of alternative causes, such as cardiac dysfunction. A cardiologist or critical care specialist confirmed all cases of NPE. Patients in whom the diagnosis of NPE was possible but not definitive were considered not to have NPE. Pulmonary embolus was diagnosed by pulmonary angiogram in one patient and by a high-probability ventilation/perfusion nuclear medicine scan in a second patient.
Symptomatic vasospasm was defined as documented arterial vasospasm consistent with new neurological deficits presenting between 4 and 14 days after the onset of SAH and not explained by other causes of neurological deterioration (rebleeding, acute or worsening hydrocephalus, electrolyte disturbances, hypoxia, or seizures). Clinically, vasospasm was categorized as severe, moderate, or absent. Severe symptomatic vasospasm was defined as complete focal deficit or coma. Moderate symptomatic vasospasm was defined as the presence of an incomplete focal deficit or impaired level of consciousness without coma.
To determine whether two categorical variables were related, we used 2 tests of independence. To compare patients with and without pulmonary complications on the basis of quantitative variables, we used nonparametric Wilcoxon ranksum tests. Associations between pulmonary complications and the odds of a clinical spasm were investigated by use of logistic regression models. Unadjusted models; models that adjust for age and Hunt and Hess grade; and models that adjust for age, Hunt and Hess grade, and other risk factors are presented. The other risk factors are aneurysm location (posterior versus anterior), hypertension, and external ventricular drainage. All two-way interactions between any pulmonary complication and the other variables were tested for inclusion in the model for a value of P < 0.05. We present odds ratios and 95% confidence intervals for the effect of any pulmonary complication. An analogous series of models were fit by use of the odds of severe disability (GOS Յ3) as the response.
RESULTS
Pulmonary complications were documented in 66 patients (22%) (Fig. 1) . The specific pulmonary complications were nosocomial pneumonia in 26 patients (9%), congestive heart failure in 23 (8%), aspiration pneumonia in 17 (6%), NPE in 5 (2%), pulmonary embolus in 2 (Ͻ1%), and other pulmonary disorders in 4 (1%). These other pulmonary complications consisted of unexplained upper-airway edema, apneic spells requiring intubation, adult respiratory distress syndrome of unclear pathogenesis, and spontaneous pneumothorax in the setting of recent ventilation with positive end-expiratory pressure. Eleven patients sustained two separate pulmonary complications.
Patient demographics and clinical features are shown in Tables 1 and 2 , along with unadjusted associations between presence of pulmonary complications and clinical variables. Older age, worse Hunt and Hess grade at admission, lower Glasgow Coma Scale score, and a history of hypertension were each associated with the development of pulmonary complications in a univariate analysis. The incidence of symptomatic vasospasm was greater in patients with pulmonary complications (63%) than in patients without pulmonary complications (31%) (P ϭ 0.001). Aneurysm location (anterior versus posterior circulation) and treatment modality (surgical clipping versus endovascular coil occlusion) were not associated with the development of pulmonary complications, with the exception of a higher rate of nosocomial pneumonia in patients with posterior circulation aneurysms. Overall clinical outcomes at longest follow-up were worse in patients with pulmonary complications (mean GOS score, 3.3) than in patients without pulmonary complications (mean GOS score, 4.0) (P ϭ 0.0001). There were no significant differences in clinical outcome between the subtypes of pulmonary complications ( Table 1) .
Because clinical condition at admission, age, and other clinical variables were likely to be associated with pulmonary complications, symptomatic vasospasm, and clinical outcome, logistic regression models were constructed to adjust for these (23) 104 (92) 9 (8) 105 (93) 8 (7) 104 (92) 9 (8) Hunt (21) 79 (89) 10 (11) 82 (92) 7 (8) 87 (98) 2 (2) 3 59 40 (68) 19 (32) 52 (88) 7 (12) 51 (86) 8 (14) 54 (92) 5 (8) 4 35 19 (54) 16 (46) 30 (88) 4 (12) 32 (94) 2 (6) 26 (76) 8 (24) 5 18 14 (78) 4 (22) 16 (89) 2 (11) 17 (94) 1 (6) 16 (89) 2 (11) Aneurysm location a Because of the small number of patients with neurogenic pulmonary edema, pulmonary embolus, and other pulmonary disorders, they are not shown separately here. GOS, Glasgow Outcome Scale score.
effects ( Table 3 ). The presence of pulmonary complications remained independently associated with the development of symptomatic vasospasm in all models. However, pulmonary complications were not independently associated with poor clinical outcome (GOS Յ3) in models that controlled for age and Hunt and Hess grade at admission. The clinical data of five patients with a definitive diagnosis of NPE compared with all patients with SAH who did not experience NPE are shown in Table 4 . Hunt and Hess grades at admission and Glasgow Coma Scale scores were slightly worse in patients with NPE. The rate of symptomatic vasospasm was substantially higher in patients with NPE than in those without NPE (60% versus 35%). The time to treatment between the groups was not significantly different, with an average of 6.4 days to treatment for patients with NPE compared with 3.7 days for patients without NPE. One patient with NPE died as a result of a postoperative stroke. Clinical outcomes at longest follow-up were not significantly worse in patients with NPE.
DISCUSSION
Reduction of medical morbidity after SAH is an important potential means of improving overall patient outcomes. Pulmonary complications are among the most common medical sources of morbidity after SAH: our frequency of 22% is consistent with previous reports (9, 10, 24) . The three most common complications in our series were nosocomial pneumonia, congestive heart failure, and aspiration pneumonia, which together accounted for 85% of all pulmonary complications after SAH. These complications are typical of pulmonary disorders in critically ill patients in general and probably were not specific to the neurological insult. Continued advances in critical care and pul- monary medicine in general should therefore have a substantial influence on improving morbidity in patients with pulmonary complications after SAH.
In clinical practice, a definitive and objective diagnosis differentiating between subtypes of pulmonary complications is often lacking. Nevertheless, in our opinion, the diagnosis of the experienced clinician combined with the perspective of the investigator examining the entire case and clinical course retrospectively provides an accurate diagnosis in most if not all cases. Interestingly, no specific subtype of pulmonary complication was associated with significantly worse outcome.
We found, as have others, that pulmonary complications are associated with worse clinical grade at admission and with older age (6, 9, 10, 19, 24) . For nosocomial pneumonias, this can be explained by the need for endotracheal intubation and prolonged intensive care in patients with worse clinical grade at admission. For aspiration pneumonia, aspiration at ictus and prolonged inability to protect the airway are more common in patients with worse initial clinical condition. Patients who experienced congestive heart failure are probably a diverse group, consisting of some patients with preexisting cardiac disease and others with cardiac dysfunction related to SAH or with iatrogenic hypervolemia for the prophylaxis and treatment of symptomatic vasospasm. Because of the strong association between clinical grade at admission, age, and the development of pulmonary complications, these variables must be controlled in logistic regression models to meaningfully analyze the independent relationship between pulmonary complications, symptomatic vasospasm, and outcome.
Association with Symptomatic Vasospasm and Clinical Outcome
The results of logistic regression analyses of our data suggest that a strong and independent association exists between pulmonary complications and the development of symptomatic vasospasm. There are two possible explanations for this association, both of which are likely to occur over a series of patients. Patients with symptoms of delayed ischemic neurological deficit or at high risk for delayed ischemic neurological deficit were more likely to receive aggressive hypervolemic, hyperdynamic therapy, which may have precipitated congestive heart failure. However, because congestive heart failure accounted for only 35% of pulmonary complications, this cannot be the only, or even the predominant, explanation.
A more germane explanation may be that patients with pulmonary complications could not be treated aggressively with hypervolemic, hyperdynamic therapies, thus exacerbating vasospasm and increasing the likelihood of delayed ischemic neurological deficit. Early and aggressive endovascular management of vasospasm with angioplasty and papaverine infusion may be a particularly effective strategy in patients with pulmonary complications after SAH.
Despite the independent association with symptomatic vasospasm, the development of pulmonary complications was not independently associated with poor clinical outcome in models that controlled for age and clinical grade at admission. Therefore, the presence of a pulmonary complication should not be a central factor in establishing prognosis or preclude an aggressive management posture for patients with SAH in this setting. Although the presence or absence of a pulmonary complication was not independently predictive of outcome in our study, a complex scale of pulmonary pathology that accounts for radiographic and blood gas findings has been suggested as a predictor of outcome (9) .
Neurogenic Pulmonary Edema
NPE has been described as a consequence of various types of brain injury, including SAH, head trauma, seizures, intracranial hematomas, and stroke (1-3, 7, 18, 22, 27) . Theodore and Robin (25) proposed a unifying hypothesis that severe brain injury results in a massive sympathetic discharge, with consequent systemic vasoconstriction and increase in blood pressure, and a relative shift of intravascular volume to the lower-resistance pulmonary vascular beds. This leads to a transient increase in pulmonary artery pressure and subsequent hydrostatic pulmonary edema, called the "blast theory." A sudden increase in intracranial pressure, ischemia or trauma to the hypothalamus, or ischemia or mass effect on the medulla have been implicated in initiating the massive autonomic discharge that seems to be a prerequisite to the pulmonary pathology (5, 11, 14, 20) . Smith and Matthay (23) also proposed a hydrostatic mechanism in NPE on the basis of early alveolar fluid sampling. Controversy regarding the precise mechanism of edema formation, however, has persisted. Some investigators have hypothesized that the pulmonary edema is a consequence of increased capillary permeability as a result of a direct sympathetic effect on the capillary endothelium rather than an increase in pulmonary artery pressure. This is based on observations of normal pulmonary artery wedge pressures shortly after the neurological insult and the a NPE, neurogenic pulmonary edema; GCS, Glasgow Coma Scale score; GOS, Glasgow Outcome Scale score.
finding of protein-rich pulmonary fluid in many patients, indicating primary endothelial damage (17) . Although NPE has traditionally been defined as a primary pulmonary abnormality, the role of transient cardiac dysfunction contributing to the pathological picture has been explored. Mayer et al. (16) and Schell et al. (21) found that transient heart dysfunction leading to increased left atrial pressures and subsequent pulmonary hypertension may be a contributing factor in the formation of pulmonary edema in the early stages. Normal wedge pressures may be measured because of a quick recovery of the heart and restoration of normal cardiac output. Later, endothelial damage may predominate, resulting in high protein content in the edema fluid. It is possible that any or all of these mechanisms play a varying role in the formation of pulmonary edema in the individual patient. However, no patient in our series had documented cardiac pathology concomitantly with the clinical manifestations of NPE.
NPE after SAH has been associated with poor outcomes and death (8, 16) . Although one retrospective study suggested an incidence of NPE complicating fatal SAH of 31% on the basis of clinical criteria and up to 71% in autopsy-reviewed cases, in general, the outcome of NPE after SAH is poorly characterized (26) . Crompton (4) and Weir (26) both found a high incidence of NPE in fatal SAH. This finding may be explained in part by the conflicting fluid management paradigms for optimal treatment of aneurysmal SAH compared with NPE and with the severity of the primary cerebral insult. Because most studies of outcome in NPE have been based primarily on autopsy findings of patients who died of intracranial hemorrhage, little is known about the outcome of patients who survive the initial cerebral insult and the best approach to management. On the basis of more recent experience, Yabumoto et al. (27) advocated early and aggressive treatment of the ruptured aneurysm and symptomatic treatment of NPE.
Our findings indicate that treatment should not be delayed or withheld in patients with NPE unless the risk of anesthesia is prohibitive. Early operation has been shown to improve outcomes in patients with SAH by reducing rates of rehemorrhage and facilitating aggressive medical management of arterial vasospasm (12, 13) . The incidence of symptomatic vasospasm in our patients with NPE was higher than in those without NPE. This is most likely a result of conservative fluid management and use of diuretics to promote adequate oxygenation in these patients. As NPE resolves, hyperdynamic and hypervolemic therapy can be instituted if the aneurysm has been secured. The satisfactory overall outcome we found in patients with NPE contrasts with previous reports and may reflect advances in critical care and pulmonary care medicine as well as improved outcomes with early aneurysm surgery.
CONCLUSIONS
Patients who experience pulmonary complications after aneurysmal SAH have a higher incidence of symptomatic vasospasm than do patients without pulmonary complications.
Although patients with pulmonary complications have worse overall clinical outcomes than do patients without pulmonary complications, this is attributable to older age and worse clinical grades at admission. Patients with NPE may have a more favorable prognosis than previously expected. Early aneurysm treatment and aggressive management of symptomatic vasospasm are warranted in patients with pulmonary complications after aneurysmal SAH.
